Combining targeting to therapy remains a major challenge in cancer treatment. To address this subject, the surface of lipid nanocapsules (LNC) were modified by grafting cRGD peptides, which are known to be recognised by α v β 3 integrins expressed by tumour endothelium and cancer cells. Applicability of this LNC-cRGD in tumour targeting was first assessed in vitro by the use of U87MG glioma cells. Biodistribution and tumour accumulation of radiolabelled LNC-cRGD in vivo were then evaluated in mice bearing the same subcutaneous xenograft. Flow cytometry and confocal microscopy results revealed that the cRGD grafting improved binding and internalization compared to negative control LNCcRAD and blank LNC. The peptide-grafted LNC remained in the blood circulation up to 3 hours with reduced capture by the RES organs. Tumour accumulation of LNC-cRGD with respect to LNC-cRAD was significantly higher at 1-3 hours. These results show that cRGD grafted to LNC has created a promising tumour-targetable nanocarrier that could be used in cancer treatment.
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Tumour targeting of lipid nanocapsules grafted with cRGD peptides
Introduction
Extensive studies on nanoparticles during the last decades have resulted in drug delivery systems that can protect the active substance, improve solubility, and route the drug to specific tissue, cells and other molecular targets in the body [1] . Cancer therapy is one of the areas that benefits considerably from these advances [2] : traditional therapy by systemic administration causes unwanted, non-selective effects of drugs to healthy tissues, and local radiation therapy, if radiotherapy is applied, can provoke inflammation in the nearby tissues and organs. Moreover, cancer cells are able to evolve and, thus, they can develop resistance toward drug molecules [3, 4] or external beam radiation [5] . Thus, combining targeted therapies to chemotherapeutics or internal radiotherapy appears as major challenges to revert resistance of cancer cells.
Most of the drug carrier nanoparticles are composed of polymer or lipid materials [6, 7] . Lipid nanocapsules (LNC) are synthetic particles whose structure can be characterized as a hybrid between polymer nanoparticles and liposomes [8] . LNC are made of less-toxic materials (PEGylated surfactant, lecithin, triglycerides) and their fabrication is based on low-energy organic solvent-free phase inversion process which can be easily scaled up. Their size can be tuned within the range of 20-100 nm [9] . LNC have been used for the delivery of cancer therapeutics [10] [11] [12] [13] and other drug molecules [14] , macromolecules such as siRNA and DNA [15] , and radiotherapeutics [16] [17] [18] . In the context of radiotherapy, 188 Re-LNC have been tested for locoregional treatment of glioma in rats by stereotactic administration [18] . A single dose of radiopharmaceutic-loaded LNC injected by convection enhanced delivery provided an efficient treatment in which the radioactive gradient created in the tumour was shown to play the pivotal role. PEG chains on the surface provide stealth properties for LNC [19] . Because of their structure which includes a semi-rigid shell, LNC can be further modified by insertion of amphiphilic molecules. This kind of post-insertion allows several benefits like improvement of biodistribution profile [20] or creation of templates for further attachment of active targeting ligands [21, 22] .
Targeted drug delivery aims at obtaining a high local concentration of the drug together with a low systemic exposure. In passive targeting, nanoparticles carrying the drug remain long time in the blood circulation due to their unique size and surface properties which also facilitates accumulation in a desired tissue exploiting the tissue specific properties [23] . In active targeting, ligands are attached to the nanoparticle surface. These ligands are recognised by the receptors or other molecular targets expressed either at the cell surface or in the extracellular microenvironment [24] . Local environment of tumour differs from the healthy tissues: it can attract nanocarriers passively and actively. Tumour vasculature is usually leaky which allows the small particles to extravasate, while specific molecules expressed by tumour cells that are not present on normal cells can be used for active targeting. α v β 3 integrin is overexpressed in both tumour cells and angiogenic endothelial cells, making it a potential target for therapy [25] . Since the discovery that cyclic pentapeptides containing the amino acid sequence ArgGly-Asp (RGD) bind selectively to α v β 3 integrins [26] and they can enhance drug delivery to tumours [27] , nanoparticles decorated with RGD-type peptides have been used in drug targeting [28] [29] [30] [31] [32] [33] [34] . Glioblastomas are aggressive, highly vascularized brain tumours that display poor patient survival and prognosis with current therapies. These tumours and the associated newly formed vasculature express α v β 3 integrin [35] .
In this study, suitability of LNC as targeting nanocarriers with surface conjugated RGDpeptide was assessed. The peptides tested were cyclic RGD (cRGD) which is known to bind to α v β 3 integrin and a negative control cyclic RAD (cRAD) peptide, which does not bind to the receptor. These peptides were grafted on the amphiphilic lipids which were then postinserted into the LNC shell. Performance of these LNC was evaluated in vitro on U87MG glioblastoma cells. In vivo biodistribution was determined in nude mice with subcutaneous U87MG xenograft. The main questions assessed by this study were: could the cRGD peptide be successfully attached on the surface of LNC? Is the ability of this peptide to recognise α v β 3 integrin preserved when combined to LNC (targeting)? Tc-SSS complex. Due to its precipitation in aqueous media, the complex was extracted with dichloromethane (1 mL) and washed three times with 1 mL of deionized water.
Materials and Methods
Materials
Lipid nanocapsule (LNC) preparation and characterization
Fluorescent DiI-loaded LNC were used for the in vitro uptake studies, confocal microscopy, and MTS cytotoxicity assays whereas radiolabelled 99m Tc-LNC were used in the in vivo biodistribution studies. Blank LNC were used to assay the efficacy of peptide grafting.
LNC were prepared by the phase inversion method described by Heurtault et al. [9] . Solutol® Size distributions and zeta (ζ) potentials of LNC were determined using Zetasizer ZS (Malvern, Worcestershire, UK). Particle sizing was based on photon correlation spectroscopy (PCS); the results were analyzed by CONTIN algorithm and the size was presented based on the volumetric distribution together with the polydispersity index (PdI). Electrophoretic mobilities were converted to ζ-potential using Smoluchowski's equation.
cRGD/cRAD peptide grafting on LNC
Initially the individual peptides were grafted on to an amphiphilic molecule, DSPE-PEG 2000 -maleimide, using the conjugation chemistry between the thiol-group present on the cyclic structure of the peptide and the malemide [37] . Then, the conjugate was post-inserted in the shell of the LNC [21, 22, 38] (Fig. 1 ).
Figure 1. Peptide grafting on LNC. DSPE-PEG2000-maleimide was incubated with cRGD or cRAD peptide which had a modified lysine with a terminal thiol group (-SH). The reaction between the cyclic structure of the maleimide and the thiol group resulted in a grafted peptide. Incubation of this amphiphile grafted peptide with the LNC at elevated temperature allowed the lipophilic moiety, DSPE on the grafted complex, to insert into the LNC shell.
Grafting was performed in 25 mM HEPES buffer containing 1 mM EDTA. pH was adjusted to 7.4 with the help of NaOH, and the buffer was degassed with argon for 30 min before use. served as a "free peptide" control (treated with the buffer). Finally, after column separation of both solutions, collected fractions (1 mL, until 85 mL) were analysed with MicroBCA protein assay. Differences in the quantities of the free peptides were used to calculate peptide amounts / LNC. LNC were quantified as described elsewhere [39] .
Cells
U87MG, human gliobastoma cell line from American Type Culture Collection (Manassas, VA), was cultured in DMEM supplemented with 1% glutamine, 10% FBS, and 1% antibiotic and antimycotic solution, at 37 °C in a humidified 95% air / 5% CO 2 atmosphere. Cell phenotyping is described as Supplementary data.
MTS Assay
In MTS assay, metabolically active cells convert the MTS reagent into formazan. The quantity of this product formed is directly proportional to the number of living cells and it can be measured spectrophotometrically [40] .
MTS assay was performed on a 96-well plate. About 5 000 U87MG cells/well were grown in 100 µL of the culture medium for 48 h. The cells were then treated with 20 µL of different samples (individual peptides, LNC, LNC-cRGD/cRAD) at different concentration ranges.: 0-10 µg/mL for cRGD/cRAD peptides and 0-1.5 mg/mL for LNC and LNC-cRGD/cRAD. The cells were treated for 1.5 h at 37 °C was followed by medium removal and a rinse with HBSS.
Then, 120 µL of medium containing 20 µl of MTS reagent was added to each well and the plates were incubated for 2 h at 37 °C protected from light. Finally, the plates were read at 492 nm with Multiskan Ascent reader.
Flow cytometry assay
Binding and uptake studies were performed on 24-well plates using DiD-loaded LNCs. de Claix, France) were used to perform flow cytometry analysis as described elsewhere [12] .
Data were analyzed with WinMDI software.
Confocal microscopy
About 10 000 cells/well (8 well Lab-Tek Chamber Slide, Nunc, Rochester, USA) were grown in 300 µL of the culture medium for 72 h. Before incubation with the DiI-loaded LNC, the cells were conditioned for 1 h with a serum-free medium containing 50% DMEM, 50%
Ham's F-12, and 1% N1 medium supplement. The cells were treated with 115 µg/mL of.
LNC, LNC-cRGD, or LNC-cRAD using a fresh serum-free media with N1 supplement for 1 h at 37 °C. After a rinse with HBSS, the cells were fixed with 4% paraformaldehyde for 10 min at 4 °C. After another HBSS rinse, the support grill of the slide was removed, a drop of fluorescent mounting medium was added to the slide and covered with a coverslip. Confocal microscopy was performed with a FluoView FV300 (Olympus, Paris, France).
In vivo biodistribution study To study tissue distribution and pharmacokinetics of LNC, the animals were sacrificed at 1 h, 3 h, and 24 h after injection (n = 4 at each time point for one type of LNC). The organs and blood were removed and weighed. Activity of each removed organ, blood and rest of the carcass was determined using a gamma counter (Packard Auto-Gamma 5 000 series, PerkinElmer Inc., Courtaboeuf, France).
Statistical analysis
Statistical significance was determined by 2-tailed unpaired Student's t-test (when two variables were compared) or by one-way ANOVA with Dunnett's test (when compared to a reference) (Prism, GraphPad Software, Inc., La Jolla, CA). The differences were considered as significant with p < 0.05.
Results
LNC preparation and peptide grafting
Size and ζ-potential of blank LNC as well as peptide-grafted LNC are presented in Table 1 .
As reported earlier, encapsulation of 99m Tc or DiI did not change these characteristics of the blank LNC (data not shown) as also reported earlier [19, 20] . On the contrary, peptide grafting increased the size of LNC by 11-14 nm while PdIs remained relatively low indicating slightly negative whereas the peptide grafting decreased the ζ-potential to about -45 mV. 
When measured in physiological PBS
Table 1. Size, size distribution (PdI) and ζ-potential of LNC (measured in water).
The quantity of the grafted peptides was evaluated after column separation: unbound peptide amount of LNC-cRGD/cRAD was compared to a same initial quantity of free peptides. The
MicroBCA assay of the column fractions revealed 3.7 µg of cRGD and 4.0 µg of cRAD grafted per mg of LNC, respectively. These values corresponded to about 230 cRGD or 240 cRAD molecules / single LNC. Fractions containing the free peptides were used in the assay instead of the fractions containg LNC-cRGD/cRAD because the other LNC components, besides the peptides, were observed to interfere with the assay.
MTS assay
RGD-peptides are known to exhibit anti-adhesive and apoptotic properties toward cancer cells [41] [42] [43] . Therefore, MTS cell quantification assay was performed in order to evaluate the effects of different treatments, cRGD/cRAD peptides, LNC, or peptide-conjugated LNC, on the viability of U87MG cells (Fig. 2) .
Figure 2. MTS cell quantification assay. Effect of cRGD/cRAD peptides (above), and blank LNC and LNC-cRAG/cRAD (below) on the U87MG viability. * p < 0.05; ** p < 0.01; *** p < 0.001: calculated between cRGD and cRAD or LNC-cRGD vs. LNC and LNC-cRAD.
When the peptides without LNC were tested, cRGD provoked cell loss throughout the studied concentration range (Fig. 3) . Quantity of cells remaining attached was 80% at the lowest tested concentration (0.39 µg/mL) and decreased to about 20% at the highest concentration tested (10 µg/mL).. Instead, cRAD did not differ from the control (0 µg/mL), except at the highest tested concentration (10 µg/mL), where the cell attachment was a bit above 80%. All 
LNC concentration (µg/mL) Cell survival (% control)
LNC LNC-cRGD LNC-cRAD * * * * * ** * the three tested LNC types, without or with peptides, induced cell loss in a concentration dependant manner which was lower than the free peptide treatment. Cells remaining attached
at the highest particle concentration tested (~ 1 150 µg/mL) was about 50-70%. Although significant, the difference among the different LNC treatments, LNC/LNC-cRAD and LNCcRGD, were not as well pronounced as that of pure peptides. (Fig. 4) . Instead, the fluorescence staining of the LNC-cRAD-treated cells was weak. 
In vivo biodistribution
The in vivo behaviour of the peptide-grafted LNC was studied after their intravenous injection in the tail vein of nude mice bearing subcutaneous U87MG xenograft. Determination of radioactivity of each organ and blood after the sacrifice of animals at different time points allowed analysis of tissue distribution and blood pharmacokinetics (Fig. 5) . 
vs. 8.9±0.5%; p < 0.01) at 1 h. Inversely, more LNC-cRGD compared to LNC-cRAD was found in spleen at 24 h (15.1±3.3% vs. 7.9±1.0%; p < 0.01). Otherwise, the radioactivities found in all the other dissected organs were in the same range for both the LNC throughout the studied time scale. There were minor differences in the circulation time of the LNC tested, however the differences were not statistically significant: 46.7±5.3% and 39.8±5.6% at 1 h, 35 .0±4.0% and 30.7±3.5% at 3h, and 3.2±0.5% and 3.3±0.1% at 24 for LNC-cRGD and LNC-cRAD, respectively. Radioactivity levels observed in tumours were the following: ID/g values 3.6±1.1%, 3.5±0.4% and 4.0±1.3% (LNC-cRGD) and 1.8±0.4%, 2.1±0.8% and 3.4±0.6% (LNC-cRAD) at 1, 3 and 24 h, respectively. Radioactivity in the tumour was significantly higher within LNC-cRGD treated mice at 1-3 h (Fig. 6) . At 24 h, accumulation of the both types of particles (LNC-cRGD and LNC-cRAD) was similar. Fab' fragments either to target transferrin receptors expressed on the cerebral endothelium [21, 44] or other markers associated to cancer stem cells [22] . Similar to the current study, these targeting moieties were also thiolated, and grafted on DSPE-PEG 2000 -maleimide amphiphilic lipids which were then post-inserted into the LNC shell. In the current study, increase of the LNC size after incorporation of the peptides was a proof of successful surface modification. Also, the size difference between the peptide-grafted LNC and the LNC postinserted with DSPE-PEG 2000 -maleimide indicated attachment of the peptides. Slightly negative ζ-potential of blank LNC is assumed to originate from PEG groups at the surface forming dipoles that are able to interact with counterions or water dipoles [45] . When amphiphilic molecules were post-inserted in the LNC shell, in this case grafted with peptides, particles with a higher density of dipolar moments confined in a small volume are obtained [38] . As a result, ζ-potential values decreased with the increase of electronic density.
However, the overall charge density on the LNC surface and the nature of the charges (dipoles) seemed not to be important enough to prevent neutralization of the charges when these LNC were dispersed in a medium of higher ionic strength (PBS). Indeed, post-insertion into LNC yields typically about 5-15 mol-% of the inserted molecules of the total material forming the shell (Solutol®, Lipoid®) [44] . Therefore, it can be assumed that the grafting did not result in highly charged LNC under physiological conditions; otherwise the blood circulation time could thus be reduced.
Quantification of the grafted cRGD/cRAD peptides by the MicroBCA assay estimated that approximately 230-240 peptides could be found on the surface of a single LNC. These quantities were slightly higher than the amounts of monoclonal antibodies (~ 30-60/LNC) that could be grafted on the surface of LNCs in the previous studies [22, 44] . This might result from less steric hindrance offered by the smaller cRGD/cRAD molecules favouring more advantageous coupling conditions and accessibility to ligands. Coupling of RGD peptides to other types of nanoparticles have resulted similarly e.g. in 200-400 RGD peptides / 130-nm polymer nanoparticle [46] , and in ~300 RGD/RAD peptides / 100-nm liposome [32] .
Although a dose-response study might be useful to determine the exact benefit of conjugation of large versus low number of cRGD motifs per particle in vitro and in vivo, previous works have already established that higher affinity and internalization are facilitated by multivalent RGD-ligands [47] . Here, LNC represent a useful exemple of that.
In angiogenesis, the endothelial cells bind to extracellular matrix components via α v β 3
integrins [25] . Inhibition of this interaction is capable of inducing apoptosis of the proliferating angiogenic cells [43] . RGD peptides were reported to have the ability to detach cells from their culture support and this anti-adhesive property was demonstrated on BT-20 (human breast carcinoma), HUVEC (human umbilical vein endothelial cells), and U87MG
cell lines [41] [42] [43] . A similar observation was made in this study with U87MG cells (Fig. 2) .
cRGD peptide treatment detached cells from their support while no effect was observed with the negative control cRAD peptide. Instead, cRGD peptides grafted on LNCs had diminished ability to detach cells although remaining statistically significant over other LNC treatments.
Cell detachment observed at high concentrations of LNC, LNC-cRGD and LNC-cRAD could mainly result from non-specific interactions between the LNC surfactant and the cell membranes as previously established [48] .
However, the magnitude of the anti-adhesive effect does not always correlate with the internalization capacity of the targeted nanoparticles: strong anti-adhesion might accompany poor internalization and vice versa [42] . There were significant differences in the observed cellular fluorescence intensity between the cells incubated with LNC at 4 °C or 37 °C (Fig. 3 ).
This observation is reminiscent of the previously described active internalization of LNC at 37 °C [48] . Instead, no such differences were observed when cells were treated with LNC- Comparable results were obtained when cRGD-lipid nanoparticles that are structurally analogical to LNC were used to target HEK293(β3) cells [34] : FACS analysis revealed equal fluorescence intensity after incubation at 4 °C and 37 °C. However, fluorescence microscopy images proposed that at 37 °C, endosome-like patterns were observed indicating particle internalization. To get a better insight about internalization, confocal microscopy was applied to visualize U87MG cells after incubation at 37 °C with the different LNC (Fig. 4) . These results revealed internalization of LNC and LNC-cRGD. In the case of LNC-cRGD, it seemed that a binding saturation limit was reached and no further binding sites were regenerated at the concentration tested. Otherwise, the difference between binding (4 °C) and internalization (37 °C) of LNC-cRGD would have been greater.
Without a protective coating like PEGylation intravenously administered nanoparticles are quickly taken up by the macrophages of the mononuclear phagocyte system (MPS) and, thus, can be localized in the RES organs such as liver, spleen and lungs [49] . Surface of LNC contains PEG chains and therefore these nanocarriers are known to avoid defence mechanisms of the body to some extent [39] . Despite peptide grafting, more than 30% of the injected dose was found in the blood up to 3 h without major accumulation in the RES organs indicating longer circulation time (Fig. 5) . At 24 h, the LNC had disappeared from the blood and were being eliminated by the liver as seen by increased accumulation in that organ. This kind of pharmacokinetic profile might be advantageous as the current opinion prefers nanoparticle elimination in a reasonable time rather than extensively prolonged blood circulation profiles [50] . Radioactivity levels in kidneys (~ 10%, decrease with time)
indicated also LNC accumulation: 75±25 nm PEGylated gold nanoparticles are reported to enter the fenestrated glomerular endothelia (80-100 nm pores) and accumulate in the kidney mesangium [51] . Blank LNC (50 nm) presented blood distribution kinetics and accumulation in different organs comparable to these peptide-grafted LNC which proved that the peptide grafting did not modify overall biodistribution profile of LNC [52] . Blank LNC accumulated in the main RES organs similarly: % ID/g in the liver increased from ~15% (1.5 h) to ~40 % (24 h) and remained around 10% in the spleen during the same time range. % ID/g in the blood circulation decreased from ~30% (1.5 h) to ~2% (24 h).
As there was no difference in the blood kinetics and general biodistribution found between the two peptide grafted LNC, the higher retention of LNC-cRGD in the tumour in the initial few hours can be principally attributed to active targeting achieved by the interaction between cRGD and α v β 3 integrins. Taking into account the long blood circulation time of the tested LNC, increased tumoral accumulation of the negative control LNC-cRAD with time supported passive targeting by the EPR (enhanced permeation and retention) effect [53] . At 24 h, accumulation in the tumour mass had probably reduced the cRGD-integrin retention effect (no difference between LNC-cRGD and LNC-cRAD). Similarly, no difference in tumoral accumulation was found between RGD and RAD liposomes (100 nm) at 24 h (only evaluated time point in that study) [32] . In general, % ID/g in tumour observed in this study were in the same level (~ 5% or less) as e.g with PLA-PEO-RGD micelles [54] , RGD liposomes [32] , or cRGD monomer [55] . Overall, cumulative exposure of tumours by LNC (i.e. radioactivity in this case) was significantly higher with LNC-cRGD compared to LNCcRAD.
As mentioned in Introduction, the radioactivity gradient created by locoregional administration of 188 Re-LNC showed to be the major determinant for an efficient treatment of rat glioma [18] . In the present study, the fact that we can now focus the radioactive material on α v β 3 expressing cells will also affect the resulting gradient of activity. As such, it has been demonstrated that α v β 3 is expressed not only by glioma cells but also by microvasculature of the tumour thus affecting glioma cell responses to radiotherapy [56] . In this context, Cilengitide (a cRGD derivative) has been investigated as an adjuvant treatment to reinforce external beam radiation [57] . Therefore, regarding the targeted therapy and the internal irradiation, the nanocarrier we have here developed could combine the action on α v β 3 integrins while also carrying the radiopharmaceutics. However, it should be noted that, because of the minor overall quantity of LNC accumulated in the tumour, internal radiotherapy is not rational by intravenous injections. This hypothesis is worth investigating further using local administration of 188 Re-LNC-cRGD by convection enhanced delivery as 99m
Tc and 188 Re in LNC are interchangeable [19] .
Conclusions
In vitro and in vivo performances of cRGD peptide-grafted LNC were assessed in this study.
Peptides grafted on amphiphilic molecules could be successfully inserted on the surface of semi-solid LNC. The LNC-cRGD bound efficiently to the α v β 3 integrins expressed by the U87MG glioma cells followed by effective particle internalization. In mice after intravenous administration, accumulation of LNC-cRGD in subcutaneous tumour was significantly higher compared to the negative control LNC-cRAD. Based on these results, LNC-cRGD revealed to be promising, tumour-targetable nanocarriers. As lipophilic drug molecules or radioactive complexes can be readily encapsulated in LNC, LNC-cRGD could be used in systemic or local tumour drug targeting or to enhance the specificity of locoregional/internal radiotherapy.
